archived formalin-fixed paraffin-embedded (FFpe) tissue collections represent a valuable informational resource for proteomic studies. Multiple FFpe core biopsies can be assembled in a single block to form tissue microarrays (tMas). We describe a protocol for analyzing protein in FFpe-tMas using matrix-assisted laser desorption/ionization (MalDI) imaging mass spectrometry (IMs). the workflow incorporates an antigen retrieval step following deparaffinization, in situ trypsin digestion, matrix application and then mass spectrometry signal acquisition. the direct analysis of FFpe-tMa tissue using IMs allows direct analysis of multiple tissue samples in a single experiment without extraction and purification of proteins. the advantages of high speed and throughput, easy sample handling and excellent reproducibility make this technology a favorable approach for the proteomic analysis of clinical research cohorts with large sample numbers. For example, tMa analysis of 300 FFpe cores would typically require 6 h of total time through data acquisition, not including data analysis.
IntroDuctIon
The ability to conduct mass spectrometry (MS)-based proteomic analyses of FFPE tissue opens new opportunities for clinical studies and biomarker discovery using hospital biopsy libraries. The majority of human tumor biopsies are currently stored as FFPE samples, so methods and technologies that permit analysis of large numbers of such samples are essential. When tissues are treated with formalin, an initial rapid reaction of formaldehyde principally with amino groups of basic amino acid residues such as arginine or lysine occurs, resulting in the formation of methylene bridges between amino residues with the formation of inter-and intra-molecular cross-linking of proteins [1] [2] [3] . Such insoluble crosslinkages maintain histomorphological information and allow preservation of the tissue integrity at the ultracellular level over time, but they also lead to difficulties with efficient protein mining. The process of antigen retrieval has been utilized for the partial reversal of such cross-links that sterically interfere in the binding of antibodies to linear protein epitopes in the tissue section 4 . We have established a protocol for the analysis of proteins from FFPE sections by adapting the heat-induced antigen retrieval method and following it with enzymatic hydrolysis, which provides tissue level peptide profiles and images directly from FFPE-TMA specimens using MALDI IMS 5 . Advances in IMS technology over the past decade have enabled development of high-throughput proteomic approaches to identify and simultaneously localize biomolecules in tissue sections [6] [7] [8] [9] . IMS is unique because it directly measures and images the analyte of interest as a consequence of the laser-induced desorption process. Thus, hundreds of analytes can be mapped simultaneously without the need for targeted reagents such as antibodies. Other imaging modalities such as fluorescence microscopy and immunohistochemistry (IHC) [10] [11] [12] are generally more sensitive than IMS and use less complex instrumentation. However, IHC, for example, is a targeted imaging technology as it requires an analyte-specific antibody and where the accuracy and fidelity of the image analysis depends on the specificity of the antibody. Overall, these are complementary technologies, with each having particular advantages and limitations. IHC of FFPE tissues is still primarily used to measure a single protein at a time, and although fluorescence-imaging assays have the potential to be applied to large-scale analyses, the required hardware and software to do so are still being developed 13 . The reader is referred to several excellent reviews for further discussion of IHC methods [14] [15] [16] . Modern commercial IMS instruments can achieve spatial resolutions of 20-50 µm. However, for FFPE tissues in which trypsin must first be spotted to achieve a microdigest, these digest spots vary from 150 to 200 µm in diameter. Thus, if one assumes that analytes may migrate within this digest area, then the image spatial resolution achieved will be governed by the diameter/spacing of these digest spots. The most effective analyses are obtained with soluble proteins (2,000-50,000 Da) of moderate to high abundance. Hydrophobic proteins 17 , as well as proteins of higher molecular weight (MW), need special sample preparation protocols for analysis. For example, normal acquisition parameters for the mass spectrometer achieve the highest sensitivity for small molecules and proteins up to approximately 30-50 kDa. For proteins of higher MW, the instrument must be retuned and recalibrated specifically for the high MW region. Also, analysis of hydrophobic proteins requires the use of detergents, but these should be used at the lowest concentration possible to avoid signal suppression that may accompany detergent use. Nevertheless, many hundreds of specific molecular images can be generated from a single raster of a tissue section.
The application of IMS technology is enormously broad across biology and has been used in studies of animal and human tissue in both health and disease, in studies of the microbiome and of plants; it has also been used in drug development, in the study of distribution in tissue and in evaluations of drug efficacy [18] [19] [20] [21] . There is substantial interest in the field of cancer biology in using IMS for the investigation of a large cohort of samples stored as TMAs, for diagnostic and prognostic purposes 22, 23 . At the protein level, distinct changes occur during the transformation of a healthy cell into a neoplastic cell, and these include altered expression levels, differential protein modification, changes in specific activity and aberrant localization, all of which can affect cellular function. Identifying and understanding these changes are the underlying themes in cancer proteomics. The combinatorial origin of malignant cells and the variability of the host background create molecularly distinct subgroups of tumors endowed with different phenotypes and clinical outcomes. This heterogeneity is only partially discerned by current immunohistochemical methods used by pathologists, which in many cases hinders the selection of the most appropriate diagnostic or therapeutic strategy for a given patient. Immunohistochemical techniques can be quite sensitive and selective, but they require analyte preselection, making it difficult to determine many compounds simultaneously and/or to identify unknown substances. We consider IMS to be an important new tool to distinguish different cancer histologies and subclassify individual cancer types 5 . This protocol describes steps for analyzing FFPE tissue samples by IMS (Fig. 1) . Under the proper sample preparation conditions for removal of the embedding medium and subsequent digestion, tryptic peptides are released from fixed proteins, and their sequence analysis and subsequent protein database searches enable identification of the nominal antecedent protein directly from tissue while preserving its spatial integrity within the tissue sample. Sequence determination of the tryptic fragments is performed using MALDI MS/MS analysis directly from the individual digest spots. Although the mechanism of antigen retrieval is still poorly understood 24 , old archival samples can also be analyzed using our protocol 25 . For example, we were able to identify proteins from a biopsy that had been stored in fixative for more than 110 years 26 . Further, we have investigated peptide profiling from different normal and tumor FFPE samples and across different organ sites. The analyses have proven to be robust and reproducible, even when comparing serial sections analyzed on 4 different days 27 . Although this general protocol is applicable to many tissue types, to achieve optimal results, the antigen retrieval parameters for each different tissue type should be optimized.
Overall, this protocol allows protein identification from FFPE tissue sections with high accuracy and high throughput, and does not require complex chemistry or prior knowledge of the target molecules, as is the case with complementary technologies such as immunochemistry and fluorescence microscopy 16 .
Experimental design TMA preparation and sectioning. Tissue biopsies are first analyzed and classified/diagnosed based on their pathology, often using standard H&E-stained sections. Cylindrical tissue cores (typically 0.6-1.0 mm in diameter, 4-6 mm in height) are removed from a specific area of interest within individual 'donor' paraffin blocks, and relocated in an array-like format into preformed holes, equally spaced 0.5 mm apart, in an empty recipient paraffin block (45 × 20 mm) 28 . The block is then sectioned using a microtome and transferred onto a slide for further analysis. A typical TMA section (15 × 15 mm, 4-8 µm thick) is shown in Figure 1 . Each dot/circle corresponds to a cylindrical tissue core. The cores in the array may represent only a small portion of the original biopsy and so the choice of where to take the core in the biopsy is very important. Using a 0.6-mm core allows arraying at higher density, thereby maximizing the number of specimens for analysis (more than 500 tissue cores can be arranged on a standard glass microscope slide), while at the same time allowing inclusion of adequate internal experimental control samples, such as nonneoplastic control tissue, and tumor replicate needle cores from either the same or an unpaired biopsy. Inclusion of such controls assures standardization of parameters, such as section thickness, slide age, temperature and composition of reagents, incubation time and antigen retrieval, so that intra-assay variations are minimized. There are no imperative regulations for designing TMAs. However, the layout of the array should facilitate the analysis, for example, dividing large TMA into subsections. Distribution of the samples randomly across the array (and not sorted, e.g., by tumor stage or histological grade) helps to avoid unintended bias in the interpretation of the data.
The sections made from the FFPE-TMA are placed onto conductive slides (Indium tin oxide (ITO)-coated slides) to provide a tissue support for MALDI MS analysis 29 , as described in Steps 1-7 of the PROCEDURE. After drying, they can then be stored at room temperature (18-24 °C) almost indefinitely until needed for analysis. To allow the selection of various histological regions for subsequent mass spectrometric analysis, tissue sections are typically stained with H&E for histological examination. One can then correlate a distinct histological area to the corresponding mass spectral data to obtain specific molecular information. Precise correlation of IMS images and histochemical images can be achieved by coregistering the results obtained using one tissue section for MALDI IMS analysis (Step 7, Steps 9-21 and 25-57), and a consecutive serial section for H&E staining (Steps 22-24), as described in the PROCEDURE. This co-registration is limited to the comparison of relatively large tissue features (± 50 µm) or groups of cells because of the uncertainty in alignment accuracy of the sections. Alternatively, methods have been reported in which H&E staining was performed on the same tissue section that previously underwent MALDI image acquisition 29, 30 . Two common methods of antigen retrieval use either enzymatic or heat-mediated processes [31] [32] [33] [34] . For IMS studies, proteolytic enzymes can be used to cleave proteins to peptides that can then subsequently be desorbed and analyzed in the MS. However, the degree of cross-linking can vary depending on the formalin fixation protocol used and, if it is not effective, this process can lead to the loss of certain epitopes 35 . The use of a heating step can be advantageous, because it denatures the proteins to the extent possible and allows more efficient proteolysis. This antigen-retrieval mechanism has become accepted and used by pathologists in clinical laboratories worldwide and functions as a simple and effective method to achieve satisfactory immunostaining on archival tissue sections 36 . Most methods use temperatures near 100 °C that can be achieved using a microwave oven, pressure cooker, autoclave or steamer. Although the temperature achieved by these methods appears to be the critical variable, studies comparing these techniques have shown that different heating methods provide similar levels of antigen retrieval, on the basis of immunostaining, if the heating times are adjusted appropriately 37 . We suggest using a pressure cooker as an effective and reliable method; it is very easy to use, time efficient and it uses inexpensive equipment.
pH is an important factor for recovering the formalin-modified antigenicity. Most antigen-retrieval protocols are performed at pH range 8-10. We incubate the slide in Tris-HCl buffer at pH 9.0, at 95 °C for 20 min 5,38 . After heating, we recommend leaving the slides standing in the hot buffer solution for 10-15 min before exchanging the buffer with water (Step 18). The main purpose of the cooling step is to prevent detachment of the tissue section from the slide.
In situ digestion and application of the matrix. In this procedure, trypsin solution followed by matrix solution is automatically spotted onto the section that has been previously deparaffinized and antigen retrieved. Some of the approaches used for the analysis of proteins from FFPE tissues 38, 39 require considerable amounts of time and effort and have the limitation of inadequate spatial information. We previously described an on-tissue digestion technique by spotting the entire FFPE tissue section with enzyme solution in well-defined microspotted arrays 5 . We optimized different parameters, including the buffer used, the concentration of the enzyme, and the time and temperature. The procedure uses a reagent microspotter (Portrait 630) to apply a small drop (~160 pl per drop) of trypsin solution onto the tissue section (Step 34), creating an array of spots with 250 µm center-to-center spacing between each spot, as shown in Figure 2 . A total of ~4.8 nl of trypsin solution at each spot is deposited over a series of 30 cycles at 1 drop per cycle. The digestion is carried out at room temperature with no major differences observed when compared with a digestion at 37 °C (R.C., unpublished data). With respect to time, an FFPE-TMA section with an area of ~15 × 15 mm, printed with an array of 4,000 spots, takes ~2.5 h for digestion to complete. Instrument calibration is essential for obtaining excellent drop-to-drop precision. This should be done before each run and also if the reagent has been in the reservoir for > 30 min. To optimize the droplet ejection settings, the calibration process automatically ejects droplets in a fixed pattern onto an appropriate metal calibration slide (25 × 75 mm). The shape of the calibration pattern should appear as an inverted triangular grid of spots with a size of about 7.5 mm 2 . After digestion, the tissue array is then robotically spotted with matrix solution (Step 38) for subsequent MALDI MS and MALDI MS/MS analyses to obtain sequence information for the tryptic peptides and thereby provide protein identification. The same amount of matrix solution (30 droplets per spot) is deposited directly on top of the tryptic spots. The time for which the droplets stay wet affects the quality of the spectra, with longer times allowing more efficient analyte extraction and better mass spectra. However, if too much liquid is deposited at one time, the resulting matrix spots are larger and may run into each other, potentially causing delocalization.
Although we describe the use of a specific robotic instrument for reagent application, other devices may also be used. However, to achieve similar assay performance, spotting robots that provide drop deposition in the range of ≤200 pl are preferable so as to achieve an image resolution of not less than ~250 µm. Other reagent application protocols include spray deposition, accomplished using either a manual apparatus such as a thin-layer chromatography reagent sprayer or automated devices that use vibrational or pneumatic spray [40] [41] [42] . However the reagents are applied, it is important to achieve an even coating of reagent 43 . Recently, a protocol was published describing a method for direct analysis of frozen and FFPE tissue samples 44 . This application requires special matrices (solid ionic matrices) for use with specific robotic spotters for the analysis of tissue. Our protocol uses one of the most commonly used matrices (α-cyano-4-hydroxycinnamic acid (CHCA)) for analysis of FFPE tissues, as well as being amenable to the use of other common matrices (see refs. 45 and 46).
Imaging mass spectrometry.
The printed array is analyzed using a MALDI-time of flight (TOF)/TOF mass spectrometer operated in reflectron mode for increased mass resolution. Spectra are acquired in the range of m/z 700-5,000. In a typical procedure, the sample plate is placed in the mass spectrometer, and the laser is automatically targeted to specific spots on the plate through the use of selected fiducials. Images of the molecular species of the tryptic peptides are produced by moving the sample plate under the laser and acquiring averaged mass spectra at each spot in a raster of the target surface. A typical data array could contain thousands of spots, depending on the desired image resolution and the specified MW range. In our TMA study, each matrix spot is analyzed by averaging 1,600 laser shots acquired in 8 series of 200 shots per spot. Each series is acquired using a 'random walk' pattern to sample eight different locations within the matrix spot.
An important consideration for users of this protocol is the external calibration of the mass spectrometer using standards with molecular masses that cover the mass range of interest for identification. We used a custom calibration mixture consisting of four peptides: human angiotensin II (m/z 1,046.542), human [Glu1]-fibrinopeptide B (m/z 1,570.6774), bovine insulin chain A oxidized (m/z 2,530.921) and bovine insulin chain B oxidized (m/z 3,494.651). These peptides were chosen as calibrants because they fall within the 700-5,000 mass range and are relatively inexpensive and easy to obtain. The external calibration process will ensure high mass accuracy and increase statistical confidence during peptide identification, scoring, data processing and statistical analysis.
Data processing and statistical analysis. Data processing and interpretation is of paramount importance for accurate, reliable results. MALDI MS spectra require preprocessing for baseline correction, noise removal, realignment of the m/z scale, and peak selection and matching 47 to reduce experimental variance within the data set. From the image data set, mass spectra from multiple regions in the sections can be exported for subsequent statistical analysis. Data analysis software is typically provided by the manufacturer of the instruments, such as ClinProTools (Bruker Daltonics), Bioworks (Thermo Fisher) and MassLynx (Waters). For example, ClinProTools automatically picks peaks in the mass spectrum either on the basis of the calculated total average spectrum or on a single spectrum chosen by the user, and a peak list is then generated. Selection of the monoisotopic peak for each tryptic peptide requires manual editing of the peaks. In addition, spectral modification and selection filters may be used to reduce data and exclude spectra of lower quality from further processing. A subset of the statistically significant discriminator peptides between regions of interest are then selected and evaluated, on the basis of P values from the Wilcoxon/Kruskal-Wallis test and principal component values from principal component analysis, for further protein identification.
MS/MS peptides sequencing.
Tandem MS/MS provides amino acid sequence information on peptide fragments from a specific peptide. Briefly, the peptide precursor of interest is selected by an ion gate (timed ion selector) that allows passage of the selected peptide of interest into a second analyzer where it is fragmented. Fragmentation may occur through metastable decay from internal energy of the ion, or it can be induced in a collision cell 48 . We use the UltrafleXtreme MALDI-TOF/TOF mass spectrometer to acquire and fragment the selected peptides directly from a digested TMA section. The MALDI MS/MS spectra generated are then submitted into a MASCOT database search engine to match tryptic peptide sequences to their respective intact proteins. Together, peptide mass information derived from MALDI-TOF MS analysis, in conjunction with peptide sequence information obtained from MS/MS analysis, provides a strong basis for protein identification. It is noted that such peptide-centric methods for protein identification will identify the nominal protein with high confidence only if two or three (or more) peptides are sequenced from that protein. Although sequencing of peptides by MS/MS is rather straightforward today, the process is not easily automated and consumes considerable time. Whereas search algorithms assist in the identification of the peptide sequence, manual interpretation of the fragmented spectrum may be needed to make an accurate assignment 47 .
Protein identification. A typical approach to protein identification in our laboratory is outlined in Figure 3 . The resulting MS/MS spectra fragmentation patterns are searched against MASCOT database for corresponding sequence pattern. MALDI MS/MS analysis directly from an FFPE-TMA section allowed the identification of ~100 proteins. If the database search is not fruitful, either because the protein has not been cataloged or is previously uncharacterized, or because the data are not accurate or comprehensive enough to distinguish between several entries in the database, then further information is required. It has to be considered that peptide/ protein databases do not generally include the sometimes-extensive post-translational modifications of most proteins; indeed, such modifications are still unknown in most cases. However, for an analysis of post-translational modification, it is often an advantage to combine and/or compare the obtained MS-based results with in silico results from computational tools optimized for the prediction of sites likely to be modified. Database searching is essential to proteomics, but care must be taken to achieve identifications having high reliability. Generally, a minimum of two, and preferably three or more high-quality peptide identifications are necessary to establish the presence of a protein with high confidence 48, 49 . The following PROCEDURE is typically used for the analysis of FFPE-TMA in our laboratory. However, for best results, some steps of the procedure (e.g., trypsin and matrix deposition) may require further optimization, depending on tissue density. .  crItIcal For long-term storage the stock solution can be divided into 100-µl aliquots and stored at or below − 80 °C. Thaw the reconstituted trypsin at room temperature, placing on ice immediately after thawing. To maintain maximum product activity, we strongly suggest avoiding freeze-thaw cycles. Ammonium bicarbonate (100 mM) To prepare 500 ml of ammonium bicarbonate, dissolve 3.9 g in 500 ml of Milli-Q-purified water. Can be stored at 4 °C for approximately 3 months. Trypsin solution (0.075 µg µl 50 and controlled by the FlexControl software package. The Ultraflex II MALDI TOF/TOF mass spectrometer can also be used, as it produces high quality of spectra, but in a longer amount of time, as it is equipped with a laser beam tunable at low frequencies (from 1 to 200 Hz); in contrast, the laser beam of the UltrafleXtreme and the Autoflex Speed may run at up to 1,000 Hz. MS and MS/MS analysis can also be performed with other instruments, including MALDI quadrupole-TOF, MALDI quadrupole-ion mobility separation-TOF, MALDI quadrupole ion trap-TOF and MALDI Fourier transform mass spectrometers. Below, we describe the setting of the UltrafleXtreme MALDI TOF/TOF mass spectrometer. Operation of the MALDI TOF/TOF mass spectrometer A FlexControl method needs to be created for peptide analysis. Instrument settings (i.e., the mass range, detector voltage) are optimized in order to obtain a good quality spectrum either for MS or MS/MS analysis.
MaterIals

REAGENTS
For MS analysis we operate the mass spectrometer in positive ion reflectron mode, optimized for higher sensitivity, acquiring spectra in a range of m/z 700-5,000.
For IMS analysis, an AutoXecute method needs to be created using the FlexControl software package provided. This method provides a variety of functions to customize automatic data acquisition, and contains all the information on how the spectra are automatically acquired, including FlexControl method, FlexAnalysis method for pre-processing, number of laser shots and movement of laser. A default AutoXecute method is used as a template to create new user-defined method name. We load the FlexControl method previously created for the MS analysis (see above). We set an acquisition of 1,600 laser shots to be summed up in 200 shots step at each spot position, with the laser performing a 'random walk' during the acquisition.
For MS/MS analysis we operate the mass spectrometer in Lift mode, optimized to acquire the precursor ions first and the fragmented masses after.
The parameter settings to operate the mass spectrometer for MS and MS/MS analyses are described in Table 2 . Image acquisition setup A MALDI imaging experiment is setup as a series of measurements at defined x-y positions of the sample tissue using the FlexImaging software. A new sequence in the FlexImaging software needs to be created. The command launches the New Sequence Wizard that is used as guideline during the setup of the new FlexImaging sequence. For the automated acquisition using FlexImaging, the optical image of the spotted sample must be aligned with the sample carrier inside the instrument. Thus, three teach points of the matrix spot microarray, including the upper left, the upper right and the lower right spot positions are defined. The spectra are acquired using the AutoXecute method previously created (see operation of the MALDI TOF/TOF mass spectrometer). Software The Bruker Daltonics software packages incorporate all the modules that are essential for the control of the instrument: acquisition, processing, display and storage of the data. Preprocessing of the image MS data is performed using FlexAnalysis 3.3. Smoothing is carried out with 20 cycles of a Savitzky-Golay smoothing algorithm with a width of 0.1 kDa. Baseline subtraction is performed using a median algorithm with flatness and median level value of 0.5. Other programs such as MATLAB may also be used for this step.
We use ClinPro Tools 2.2 software to process MS data for statistical analysis. Processing uses a baseline subtraction with a convex hull algorithm at 0.8% flatness of the baseline and smoothing with 10 cycles of a Savitzky-Golay smoothing algorithm with a width of 0.1 m/z. ClinProTools automatically normalizes spectra with respect to the total ion current.
For MS/MS analysis, each MS/MS spectrum is preprocessed with FlexAnalysis 3.3. Monoisotopic peaks are selected using the SNAP peak picking algorithm with a signal/noise threshold of 5. The MASCOT database search engine is used for peptide mass-mapping identification of proteins. Freely available algorithms such as X!Tandem and OMSSA can also be used for database identification. SwissProt database is used for matching peptide sequences to their respective intact proteins (http://ca.expasy.org/sprot/). 
2|
Test the conductivity of the ITO-coated conductive slides with a multimeter, and mark the conductive side.
3|
Insert the blade into the disposable blade carrier, and select section thickness (5 µm) on the microtome.
4|
Trim the paraffin block to expose the entire sample surface; cut 5 µm slices. When sections begin to appear, gently pick up the end of the ribbon with a brush and hold it up, away from the knife side.
5|
Place the paraffin ribbon in a glass dish filled with room-temperature dH 2 O. This intermediate step between the cutting and the warmer water bath is used to prevent tissue wrinkling on the warmer water bath. ? trouBlesHootInG 6| Transfer the paraffin ribbon into a 47-50 °C water bath with a wet brush. Separate the ribbon into individual serial sections using a needle.
7|
Mount one floating section onto an ITO-coated glass slide by immersing the ITO slide under the section at an angle of ~45° and slowly removing the slide with the section on top from the water bath. The section should adhere to the conductive surface of the slide with no wrinkling or distortion of the section. This slide will be used for MALDI IMS analysis.
8|
Mount a consecutive serial section onto a SuperFrost/Plus microscope slide, following the same procedure described in
Step 7. This slide will be used for histological staining.
9| Dry sections by placing them on a warming surface at 37 °C for at least 8 h.  pause poInt Paraffin-embedded sections can be stored for several months.
FFpe tissue deparaffinization • tIMInG 20 min 10| Dewax FFPE tissue sections, including both ITO and SuperFrost/Plus microscope slides (from Steps 7 to 9). Box 1 outlines our preferred method for doing this.
antigen retrieval • tIMInG 1 h 11| Place an ITO slide from Step 9 directly into Tris buffer (see REAGENT SETUP).
12| Add 500 ml of dH 2 O to the decloaking chamber pan and place the plastic Coplin staining jar, containing the ITO slide completely submerged in 10 mM Tris buffer (pH 9.0), into the decloaker slightly on the edge of the grate, so that the jar is not directly on the source of heat.
13| Set the program as described in table 3.
14|
Place the lid on top of staining jar, but do not tighten it. Make sure the chamber gasket is in place. The gasket ensures an airtight chamber. Lock the decloaker lid and make sure the vent switch located on the lid handler is in the closed position. The dot on the handle must match with the 'closed' wording on the lid.
15|
Press the 'start' button to begin the programmed run. The timer will start to count down when the correct pressure and temperature are reached.  crItIcal step The time required to reach the programmed temperature (95 °C) and pressure are variable, depending on the number of slides in the chamber and the temperature at which the instrument is operated. At this point, record the temperature and pressure. It should take ~5 min for the chamber to reach 95 °C and then 20 min to maintain that temperature. The pressure should remain below 5 psi (typically, 2 psi is the pressure reported on the pressure gauge). ? trouBlesHootInG
16|
Once the first part of the program has completed, the decloaker will repeatedly beep. Press the 'start' button to continue to the next part of the program.
17|
The decloaker chamber will now drop in temperature and pressure to 90 °C and 0 psi, respectively. Once it reaches these two points (~10 min), the chamber will repeatedly beep again. Press the 'start' button again. The decloaking chamber can now be turned off.
18|
Toggle the valve to make sure that pressure has been released so the lid may be safely removed. Open the lid in such a way that it is pointing away from yourself to avoid steam contact burns. By using a hot-hand protector, carefully remove the staining jar and place on the counter. Allow the jar to cool on the bench top for 10 min in the buffer. 
19|
Exchange the Tris buffer with Milli-Q H 2 O five times, pouring out half of the liquid each time, with the final rinse being entirely water. Stand the ITO slide vertically on a paper filter until it is completely dry.
20|
Acquire an optical image of the ITO slide. This picture can be useful to define a measurement region in the image acquisition setup, as the matrix sometimes masks the tissue border (see EQUIPMENT SETUP).
21|
Place the ITO slide in a bench vacuum desiccator (vacuum of approximately − 12 psi) until needed.  pause poInt For short-term antigen retrieval, sections can be stored in vacuum desiccators for up to 2 d. For the long term, dried sections can be stored at − 80 °C for at least 3 months.
H&e staining • tIMInG 30 min 22| Stain the microscope slide from Step 9 using the standard H&E staining method (Box 2).
23|
Cover slipping: dry the back of the microscope slide and wrap the tissue section with a Kimwipe to get rid of excess xylene. Put 1-3 drops of Cytoseal on the tissue section and then cover it with a cover slide. Make sure no air bubbles are left under the slide.
24|
Let the slide dry until the Cytoseal has hardened for ~15 min.
In situ digestion and matrix application • tIMInG 3 h 25| Prepare the trypsin solution as described in the REAGENT SETUP.
26|
Fill the source reservoir with trypsin solution by slowly pipetting 500-600 µl into one of the margin spaces between the baffle and the reservoir wall, taking care not to introduce bubbles (see filling reagent solution details in Fig. 4a ). Cover the source reservoir with the lid. ! cautIon Do not allow any liquid to sit on top or sides of the baffle. This will produce wicking and contact of the liquid with the lid resulting in a fluid height error that prevents subsequent spotting.
27|
Launch the Portrait software and load the source reagent reservoir into the Portrait 630 instrument. By selecting the specific source type reagent defined by the manufacturer, ejection parameters are optimized for trypsin deposition.
28| Insert the ITO slide from
Step 21 and the calibration slide into the appropriate spaces of the target plate holder (MTP Slide-Adapter II) as shown in Figure 4b . These specific positions in the target plate holder are defined. Load the target plate holder into the instrument.
29|
Calibrate ejection parameters by clicking the Calibrate icon from the toolbar of the Portrait software window, or clicking 'YES' to the calibration prompt after loading the target plate holder. The 'Calibration-Ejection' dialog box opens and indicates the calibration parameter (transducer focus position and transducer power) values. Click the 'Next' button. The system will spot a calibration pattern using the specified default setting. A good calibration shows a triangular array of spots, as illustrated in Figure 4c . This process involves optimizing the droplet ejection settings.
 crItIcal step If the size and shape of the calibration pattern is distorted, the process will need to be repeated with automatic or manual adjustment of the power and focus of the transducer. The triangular array image (see Fig. 4c ) shows two appropriate markers for automatically adjusting the parameters. Move the upper marker to the upper leftmost spot and the lower marker to the apex spot of the triangle and click 'ReCal Eject'; the software will use these marker positions to estimate better values for the power and focus settings, respectively. The manual adjustment of the ejection parameters can be done by clicking the 'Back' button to return to the 'Calibration-Ejection' dialog box. Select the 'Override Defaults' box and increase or decrease by 10% the focus and power values. Click 'Next' to rerun the calibration with the new parameters. Repeat until a good calibration image is generated. The calibration process is a very important step in the spotting procedure, as it allows a very precise drop-to-drop spotting. Calibration must be done prior to each run, and again if the reagent has been sitting in the source for more than 30 min.
30|
Select the option 'Perform X/Y Calibration' to adjust for slight X/Y offset. A calibration grid with a vertical and horizontal calibration bar will be scanned. Use the mouse to move the calibration bars through the center of a column and row. This additional calibration will increase the accuracy of array spotting.
31|
Click 'Finish' to apply the calibration setting.
? trouBlesHootInG 32| Scan the image of the sample to identify the region to be spotted and draw a spotting array block on the sample image. Each spot in the array is specified by X and Y coordinates from the number of the columns and the rows, and it represents the precise location where the reagent will be deposited.
33|
Create an experiment method by setting spotting parameters. Our optimized parameter setting to spot 10 cycles of 1 drop each of either trypsin or matrix solution on TMA sample tissue (size ~15 × 15 mm) is described in table 1. For optimum spotting of small areas (less than 10 × 10 mm), we recommend including a 'minimum repeat timing' of ~50 s in the setup spotting method that specifies the delay before revisiting the first spot between repeat cycles. This will allow enough time for spots to dry and avoid formation of large droplets on the same tissue that may merge and thus affect lateral image resolution. The 'Minimum repeat timing' option can be modified from the 'Properties' window listed in the 'View' menu of the Portrait software.
34| Select the appropriate reagent method for trypsin solution. Run 1 cycle of trypsin, and scan the image of the sample to check that trypsin was deposited onto preformed spotting array block (see Step 32, and 38| Select the appropriate reagent method for matrix solution. Run 3 series of 10 cycles of matrix solution spotting using the same spotting setup created for the tryptic solution. Matrix will be then spotted onto the same spots where the enzymatic solution was previously placed.
39|
At the end of the matrix spotting, remove the MALDI plate and check, under a light microscope, the resulting matrix surface for efficient crystallization. Typically, 30 repeated cycles yield a good crystal formation, thereby allowing the acquisition of good-quality spectra (see Figs. 2b and 4d) .
40|
Prepare peptide standard calibration mix + matrix as described in REAGENT SETUP. Immediately spot 1 µl of this solution on the MALDI target plate. Let the drop dry at room temperature.  crItIcal step The matrix is light sensitive; we recommend protecting the slide from direct light.  pause poInt Spotted samples can be stored in vacuum desiccators overnight.
IMs analysis • tIMInG ~1 h 41| Before starting an imaging experiment an optical image of the spotted sample must be acquired. Place the target plate holder with the tissue section facing down onto the scanner surface and acquire the image. Use a resolution of at least 1,200 dpi. This optical image is used to align the sample in the sample carrier inside the instrument for imaging data acquisition.
42|
Load the sample into the mass spectrometer and operate the MALDI TOF/TOF mass spectrometer for MS analysis as described in table 2. To operate the instrument, create a FlexControl method as described in the EQUIPMENT SETUP section.
43|
Calibrate the instrument using the peptide standard mix. The target holder is recognized by the instrument with the corresponding 'Geometry' file and appears in the spot array window displayed in the 'Carrier' dialog box of the FlexControl software. Go to the position on the plate where the peptide standard calibration was deposited. The MALDI plate/stage is moved by selecting one of the spots in the array window. For fine adjustment, the plate can be moved by clicking the mouse in the receptacle window until the peptide standard spot is found. Adjust the sliding intensity scale bar, initially at a minimum energy setting, and click the 'Start' button in the receptacle window to fire the laser on the peptide standard spot until an acceptable data signal is acquired. You can increase the laser intensity in order to maximize resolution and signal intensity while also minimizing noise. 
44|
Click the 'Add' button in the receptacle window.
45|
Repeat Steps 43 and 44 until you have added a total of 500-1,000 shots. Change the spectrum viewer from 'single spectrum' to 'summed spectrum' by selecting the corresponding icons on the toolbar of the FlexControl software.
46|
Click the 'Calibration' tab at the bottom-center section of the spectrum panel window.
47| Select 'Peptide calibration standard' from the 'Mass control List' .
48| Select 'Human angiotensin II' in the compound mass list. The view of the summed mass spectrum should zoom into this peak. Click below and to the left of the apex of the human angiotensin II peak. An arrow will appear above the apex signifying the peak has been calibrated. Calibration will also be confirmed by a check mark beside human angiotensin II peak in the compound mass list window.
49| Repeat
Step 46 for the remaining peptide standards. Click the 'Apply' button.
50|
On the 'File' menu, select 'Save Method as' and save the calibrated method in your own user folder for upcoming experiment.
51| Revert back to the single spectrum view in the toolbar and click 'Clear Sum' button in the laser receptacle window.
52|
Locate some spots on the tissue and optimize the laser intensity on those spots to obtain the best resolution and signal-to-noise ratios for the peptide peaks observed. High laser power can initiate scissions in the molecular structure; even at lower incident laser power it is very difficult to define what constitutes a representative spectrum. We suggest initially setting the laser intensity at a minimum energy setting and then increasing it until an acceptable data signal is acquired.
53| Save the FlexControl method.
54|
Create an AutoXecute method as described in EQUIPMENT SETUP.
55|
Setup an imaging run as described in EQUIPMENT SETUP for image acquisition setup.
56|
Start the automatic acquisition.
57|
Preprocess spectra with proper software. This step reduces experimental variance within the data set. Depending on the quality of the spectra, the use of different parameter settings, such as removal of noise and baseline subtraction, may be carried out. The result is an array of spots or 'pixels' covering the tissue section, with a mass spectrum linked to each individual pixel. Individual peptide images are then visualized with FlexImaging software. For details, see the EQUIPMENT SETUP section.  pause poInt For further MS/MS analysis, sections can be stored in vacuum desiccators for up to several weeks.
statistical analysis • tIMInG ~1 h 58| Co-register the IMS image with the H&E-stained section following directions described in the 'co-register image' dialog box of the FlexImaging software.
59|
Mark regions of interest by drawing a defined area in the displayed image in the FlexImaging software.
60|
Copy all spectra belonging to the defined region of interest into a newly created directory and combine them into separate folders for each group of study.
61|
Load the folders in this newly created directory into ClinProTools software and process them using the routine setting 'data preparation' in the program (see EQUIPMENT SETUP for details).
62|
Manually select the monoisotopic peak for each tryptic peptide and run 'peak calculation' to generate a table of average intensity and standard deviations of all peaks picked from the spectra in each folder.
63|
Evaluate and analyze peaks that are significantly different between each group using a minimum twofold intensity difference threshold and the Wilcoxon/Kruskal-Wallis test in the software, or using any other suitable process listed in the software.
Ms/Ms analysis and protein identification • tIMInG 10-15 min (protein identification via database searching may take several days) 64| After MS acquisition (Step 56) and data pre-processing and analysis (Steps 57-63), a specific ion of interest is submitted to LIFT TOF/TOF acquisition. The specific instrument operation details are described in table 2. Acquisition conditions must be modified to generate high fragment ion yields. This is done by increasing laser fluence to optimize a larger number of precursor ions per shot.
65|
Process data with FlexAnalysis software (our software setting is described in EQUIPMENT SETUP).
66|
Load the peptide sequence into BioTools to convert the spectrum to a MASCOT generic format file (.mgf).
67|
Submit the .mgf file into Mascot search engine and specify your search criteria. Our criteria search is typically performed with a precursor ion tolerance of 200 p.p.m. and a fragment ion tolerance of ± 0.4 kDa. We also include up to three missed cleavages and variable modifications of methionine oxidation, N terminus acetylation and histidine/ tryptophan oxidation.
68|
Perform homology searches by using the SwissProt database.
? trouBlesHootInG Troubleshooting advice can be found in table 4.
• tIMInG
Step 
antIcIpateD results
Our protocol demonstrates that under the proper conditions for removal of the embedding medium and digestion, tryptic peptides are released from discrete histological areas of fixed tissue sections and are amenable to analysis by IMS. Figure 5 demonstrates the possibility of classification of tumor samples in a TMA at the peptide level. Spectra from four biopsies were compared through statistical analysis for classification. Two were classified as squamous cell carcinoma and the other two biopsies as adenocarcinoma, in agreement with the pathology diagnosis. These findings suggest that MALDI IMS is complementary to histochemical stains in identifying molecular signatures and may help to distinguish different lung cancer histologies and subclassify individual cancer types. The advantage of IMS to directly visualize the molecular content of a sample to maintain spatial integrity becomes critical for the analysis of highly heterogeneous tissue samples. Figure 6 shows an example of incongruence ion-density distributions of three different tryptic peptides, corresponding to heat shock protein β-1 (m/z 987.60, 1,163.62 and 1,905.99) 5 . Heat shock protein β-1 was found to be localized almost exclusively to the cancerous regions of a subset of squamous cell carcinoma biopsies of a TMA. When three different squamous cell carcinoma biopsies were analyzed, only two showed a similar peak intensity and spatial distribution of the tryptic peptides for this protein. This demonstrates the protein heterogeneity that can be measured in biopsies of the same nominal disease classification. (e-h) The marked cancer regions were then co-registered with serial TMA sections analyzed by MALDI IMS and ClinProTools for classification, enabling the spot position of each spectrum to be linked to that same precise histological region in the TMA. Adenocarcinoma is shown in red and squamous cell carcinoma in green. For the statistical classification, mass spectra from the cancer regions of each biopsy were first grouped to create an average spectrum representative of both the adenocarcinoma and squamous cell carcinoma. The peaks present in these average spectra were compared through statistical analysis to identify a subset of peaks that were significantly different between each group to be used as the class identifiers. A support vector machine (SVM) algorithm was used to build a classification model. The SVM model was run against all spectra in the data set and the outcome of each classification was visualized using the class imaging function in FlexImaging software. This model classified two biopsies as squamous cell carcinoma (f,h, peptide images in green) and the other two biopsies as adenocarcinoma (e,g, peptide images in red), in agreement with the pathology diagnosis. This figure is reproduced, with permission, from reference 5. autHor contrIButIons Both authors contributed equally to the development of the protocol and the writing of the manuscript.
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